ABSTRACT
Introduction
Nutrient export from intensively managed catchments has been implicated in chronic coastal hypoxia in the Gulf of Mexico, the Baltic Sea, and several other coastal sites (Aulenbach et al. 2007; Diaz et al. 2008; HELCOM, 2009 , Osterman et al. 2009 Rabalais et al. 2010 ).
Observed temporal dynamics of the spatial extent and severity of such hypoxic zones are correlated to, among other factors, temporal fluctuations in nutrient loadings from the contributing drainage basins (Kemp et al. 2009; Rabalais et al. 2009 ). Thus, understanding the intra-and inter-annual patterns and dominant processes controlling nutrient loading from diverse catchments is essential for predicting and mitigating associated adverse ecological impacts (Diaz et al. 2008; Osterman et al. 2009 ).
We present the synthesis of long-term (ten to thirty years) monitoring data for export of two major nutrients (TN and TP) from twenty-one large (10 Table S1 ]. This primary analysis is supplemented with data (Section S1) for the export of key geogenic and anthropogenic constituents from: (1) the twenty-one large MARB catchments; ), as a useful index for "effective biogeochemical stationarity". Thus, while human interferences and climate change may have contributed to the demise of hydrologic stationarity (Milly et al. 2008) , our synthesis shows that anthropogenic impacts have also resulted in the emergence of effective biogeochemical stationarity in managed catchments. In the following, we offer an explanation based on a conceptual model for the
emergence of such effective stationarity at the larger spatiotemporal scales, and examine the practical significance of these patterns.
A Conceptual Model for the Observed Patterns
A power function (C=AQ b ) is commonly used (Haygarth et al. 2004; Vogel et al. 2005) as an empirical model to describe the relationship between concentration, C, and discharge, Q, in small catchments at fine temporal resolution (daily or monthly). Recent work (Godsey et al. 2009 ) has demonstrated that such relationships can be derived by assuming specific functional forms for the dependence of access to the vadose-zone sources with temporal fluctuations in water-table depth. We provide a more general process conceptualization, by considering the source zones and the flow-generating zones to also vary laterally.
The observed C-Q patterns are assumed to arise from interactions between temporally varying "flow-generating zones" mobilizing nutrients from spatially distributed contaminant "source zones". Two dimensionless terms, R(t) and S(t) describe the fraction of the watershed contributing to discharge and solute loads, respectively. The nonlinear correlation between S and
R is represented by S=aR b
, where a and b are empirical constants, and the C-Q relationship can be derived from this correlation (Section S2). The model provides a physical basis for b as the index that explains the deviation from chemostatic behavior (b≠0), while a represents the fraction of the watershed that contains the solute sources. Furthermore, starting with the C-Q power function, the load-discharge relationship at the annual scale can be represented as:
(Section S3). Here, the catchment properties (hydrograph recession constant) and stochastic rainfall characteristics (e.g., effective rainfall frequency and depth) ) are reflected in the constant, m.
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Analysis and Interpretation of Model Parameters
We fitted daily water-quality monitoring data for MARB catchments to the C-Q power exports and discharge (Goolsby et al. 2000; Donner et al. 2002; Donner et al. 2004; Vogel et al., 2005) and argued that (a) it is expected given the lower variability of C relative to Q, and (b) it is a spurious correlation since discharge is a component of load calculation. In the following section, we address the issue of spurious correlation, and offer an explanation for the more fundamental process-based question: why does C vary less than Q?
Role of Legacy in Biogeochemical Stationarity
Biogeochemical stationarity (low variability in concentration) might be expected for geogenic constituents that have large, ubiquitous source mass distributed within the catchment.
Similar outcome noted here for nutrients in managed catchments is surprising, given their .
This is concurrent with the period of rapid expansion of intensive crop management and fertilizer use, and suggests that after a lag time to accumulate legacy nutrient sources, nitrate concentrations stabilized. The observed patterns indicate that nutrient export from managed catchments is transport-rather than supply-limited, such that contemporary distributed and point sources have lesser influence on inter-annual fluctuations in stream nutrient concentrations. This is in contrast to supply-limited systems that exhibit considerable scatter in the L T -Q T relationship. We provide two such examples: (a) pesticide loads from managed catchments, and (b) nutrient loads from "less-managed" catchments. Pesticides exhibit supply-limited responses, because short half-lives (e.g., 1 to 100 days for pesticides (Wauchope et al. 1992) ) preclude the buildup of legacy sources from annual applications (Kladivko et al. 1991) . Our analysis of data from the Hubbard Brook (US) catchment showed that, under conditions of minimal anthropogenic influence, and resulting low nitrate concentrations, the L T -Q T relationship lacked any significant correlation. At the same site, however, the geogenic constituent sodium, exhibited significant linear correlation (Figure 3) . Thus, despite the spuriousness of the L T -Q T relationship, lack of correlation in the two examples of supply-limited systems lends support to our argument Page | 8 that biogeochemical stationarity for nutrients in impacted catchments arises from anthropogenic legacy of management. In contrast, for the geogenic constituents, catchment geologic legacy is the primary controlling factor, and thus its linearity is independent of anthropogenic impacts.
Implications
The ubiquity of effective geochemical stationarity constitutes an important advance by providing a process-based understanding of biogeochemical responses observed in diverse managed catchments located across continents. Attribution of legacy as the dominant driver of stationarity helps enhance our understanding the domain of applicability of such empirical relationships, and identify exceptions (e.g., Figure 3) . Based on the persistence of linear L T -Q T , annual nutrient loads can be robustly estimated as L T =Q T f C , where the hydro-climatic controls (e.g., precipitation, evapotranspiration) are manifested in Q T , and the anthropogenic drivers (e.g., land-use; nutrient inputs) are reflected in f C . Emergent effective biogeochemical stationarity indicates that annual stream discharge can serve as a reliable surrogate for estimating annual loads of geogenic and anthropogenic constituents exported from managed catchments at diverse spatial scales. This parsimonious, process-based approach offers as an alternate to empirical regression analyses to forecast the implications of land-and climate-change on nutrient export, and associated water-quality impairment and ecosystem-health impacts. It should be noted however, that, under land-use change scenarios, the timescale over which the assumption of stationarity is valid is a function of the accumulated legacy stores and their rate of depletion.
Our analysis also suggests that water-quality problems in receiving freshwater and coastal waters will persist until the legacy sources are substantially depleted. Pollution abatement policies and management strategies have focused primarily on controlling contemporary nutrient input reductions (Pickver 2002; Destouni and Darracq, 2009 
